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Summary

Apert syndrome is a distinctive human malformation
characterized by craniosynostosis and severe syndactyly
of the hands and feet. It is caused by specific missense
substitutions involving adjacent amino acids
(Ser252Trp or Pro253Arg) in the linker between the
second and third extracellular immunoglobulin domains
of fibroblast growth factor receptor 2 (FGFR2). We have
developed a simple PCR assay for these mutations in
genomic DNA, based on the creation of novel Sfil and
BstUI restriction sites. Analysis of DNA from 70 unre-
lated patients with Apert syndrome showed that 45 had
the Ser252Trp mutation and 25 had the Pro253Arg mu-
tation. Phenotypic differences between these two groups
of patients were investigated. Significant differences
were found for severity of syndactyly and presence of
cleft palate. The syndactyly was more severe with the
Pro253Arg mutation, for both the hands and the feet.
In contrast, cleft palate was significantly more common
in the Ser252Trp patients. No convincing differences
were found in the prevalence of other malformations
associated with Apert syndrome. We conclude that, al-
though the phenotype attributable to the two mutations
is very similar, there are subtle differences. The opposite
trends for severity of syndactyly and cleft palate in rela-
tion to the two mutations may relate to the varying
patterns of temporal and tissue-specific expression of
different fibroblast growth factors, the ligands for
FGFR2.
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Introduction

Apert syndrome (acrocephalosyndactyly type I; ACS I)
was first recognized at the beginning of this century
(Apert 1906). The sexes are affected with equal severity,
and rare instances of vertical transmission are consistent
with autosomal dominant inheritance (Rollnick 1988;
Lewanda et al. 1993), although most cases arise by new
mutation, with a paternal age effect (Blank 1960; Erick-
son and Cohen 1974; Risch et al. 1987). The birth preva-
lence from pooled North American and European data
has been estimated as 1/65,000 (Cohen et al. 1992).
The hallmarks of Apert syndrome are craniosynostosis

(Cinalli et al. 1995) and severe, symmetrical syndactyly
of the hands and feet, which can be graded according to
severity (Cohen and Kreiborg 1995). A variety of other
malformations occur at lower frequency. In one series,
cleft soft palate or bifid uvula was found in 76% of 75
patients (Kreiborg and Cohen 1992), and fusions of the
cervical vertebrae, especially at the C5-C6 level, were
found in 68% of 68 patients (Kreiborg et al. 1992).
From a series of 136 patients, minimum values have been
estimated for the prevalence of cardiovascular defects
(10%) and genitourinary abnormalities (9.6%), with
gastrointestinal and respiratory anomalies (1.5% each)
occurring at lower frequencies (Cohen and Kreiborg
1993b). Generalized dilution of skin and hair color oc-
curs in some patients, which is less severe than in oculo-
cutaneous albinism but can manifest with iris transillu-
mination and photophobia (Margolis et al. 1977).
Neurodevelopment is frequently affected: in a retrospec-
tive study of hospital records on 29 patients, IQ scores
were >70 in 48%, 50-70 in 31%, 35-49 in 14%, and
<35 in 7% (Patton et al. 1988). A recent study of sleep-
ing intracranial pressure in 13 patients showed raised
(>15 mmHg) or borderline raised (10-15 mmHg) pres-
sures in 5 and 7 cases, respectively (Thompson et al.
1995); intracranial malformations (e.g., agenesis of the
corpus callosum) may also contribute to learning diffi-
culties (Cohen and Kreiborg 1990). It is not understood
why all patients with Apert syndrome have craniosy-
nostosis and syndactyly, yet the other malformations are
variable. Before the genetic basis of the disorder was
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elucidated, it was difficult to reconcile these diverse clini-
cal features in terms of a single arrested developmental
process or pathological mechanism.
We previously identified specific missense substitu-

tions of fibroblast growth factor receptor 2 (FGFR2)
involving adjacent amino acids in the linker between
the second (IgII) and third (IgIII) immunoglobulin-like
domains (either serine 252 to tryptophan [S252W] or
proline 253 to arginine [P253R]), in all 40 unrelated
cases of Apert syndrome studied (Wilkie et al. 1995b).
Allelic mutations in the main part of the IgIII domain of
FGFR2 have been identified in the Pfeiffer and Jackson-
Weiss craniosynostosis syndromes, in which the limb
malformations are milder than in Apert syndrome (Jabs
et al. 1994; Lajeunie et al. 1995; Rutland et al. 1995;
Schell et al. 1995), and in Crouzon syndrome, in which
the limbs usually are normal (Jabs et al. 1994; Reardon
et al. 1994; Gorry et al. 1995; Ma et al. 1995; Oldridge
et al. 1995; Park et al. 1995a; Steinberger et al. 1995).
Whereas these latter craniosynostosis syndromes result
from a variety of different FGFR2 point mutations, with,
in some cases, identical mutations giving rise to more
than one syndrome, the mutations responsible for Apert
syndrome are very specific. All these mutations in
FGFR2, the murine homologue of which is expressed in
both skull and limb at early stages of development (Pe-
ters et al. 1992; Orr-Urtreger et al. 1993), share the
common feature of abnormal cranial suture morphogen-
esis, leading to craniosynostosis. However, despite their
proximity within the extracellular region of the FGFR2
molecule, they exert different effects on development:
the Apert mutations stand apart from the others because
of the severe syndactyly and the higher frequency of
additional malformations. The pathogenic mechanism
of these differences is not known.
Although the two adjacent mutations that cause Apert

syndrome give a characteristic phenotype, in our initial
study the mutations showed subtle differences in the
severity of syndactyly: the S252W substitution was asso-
ciated with less severe syndactyly than was P253R (Wil-
kie et al. 1995b). Subsequently, Park et al. (1995b)
found one or other of these substitutions in 34/35 unre-
lated Apert syndrome patients, but they concluded that,
in terms of phenotypic features, there were no differ-
ences between the two mutations. To extend our under-
standing of the phenotype and to investigate possible
genotype-phenotype correlations in detail, we have eval-
uated clinically an expanded series of 87 patients with
Apert syndrome and have determined the genotype in 66
of these (64 of whom are unrelated) and in 6 additional
patients. This analysis confirms the remarkably specific
nature of the two Apert mutations, which account for
all 70 unrelated patients in our series, and indicates that
there are subtle but statistically significant differences in
the phenotypes attributable to the two mutations.

Subjects and Methods

Ascertainment of Patients
Children and adults with Apert syndrome were ascer-

tained through the three U.K. craniofacial units in Ox-
ford, London, and Birmingham and by informal con-
tacts with other surgeons and geneticists. Photographs
or clinical details on four patients have been published
by other authors (Narayan and Scott 1991; David et
al. 1982; Henderson et al. 1995). Appropriate Ethics
Committee approval was obtained. Initially the patients
were invited to join the study by letter from a specialist
surgeon or geneticist known to them. An information
sheet was included with the letter, as was a consent form
which the family were asked to complete and return.
After consent was obtained, each patient and/or his or
her parents were interviewed, and the clinical history
and phenotype were assessed and recorded. Blood sam-
ples were taken for cytogenetic analysis, DNA extrac-
tion, and establishment of Epstein-Barr virus-trans-
formed cell lines.

Clinical Measurements
For each patient, a detailed clinical examination was

performed, which included clinical photographs and re-
view of radiological tests where available. Aspects of the
phenotype that were assessed are listed in table 1. An
additive preoperative craniofacial severity score (range
0-5) was calculated from assessments, made indepen-
dently by two clinical dysmorphologists, of the presence
(score 1) or absence (score 0) of five facial features,
comprising severe supraorbital ridging, marked maxil-
lary hypoplasia, ocular proptosis, down-slanting palpe-
bral fissures, and facial asymmetry (fig. 1). The ventricu-
lar size index was derived from preoperative computed-
tomography scans, as a measure of the degree of ventri-
culomegaly: a value >35% indicates significant enlarge-
ment of the lateral cerebral ventricles (Lee and Rao
1987). Active hydrocephalus requiring insertion of a
ventricular shunt was identified by evidence of progres-
sive ventricular enlargement and/or raised intracranial
pressure. A measure of the level of educational attain-
ment was made on the basis of whether the child at-
tended mainstream school or required special needs edu-
cation because of developmental delay. The severity of
syndactyly was assessed both clinically and radiologi-
cally (see below). All the clinical measurements and
scores were made independently of the mutational anal-
ysis. Statistical comparison of number of affected cases
with S252W and P253R mutations employed the t-test
for normally distributed variables, the Mann-Whitney
U-test for variables of unknown distribution, and the
G-test of independence for discontinuous classes (Sokal
and Rohlf 1981).
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Figure 1 Craniofacial appearance in Apert syndrome. The cra-
niofacial score (range 0-5) was calculated from the preoperative facial
phenotype: the presence of five facial features, comprising severe su-

praorbital ridging, marked maxillary hypoplasia, ocular proptosis,
down-slanting palpebral fissures, and facial asymmetry. Left, Mild
facial phenotype (score 0). Right, Severe facial phenotype (score 5).

Definition of Syndactyly Scores
The hand and foot morphological scores were based

on a previous classification (Upton 1991). In the Apert
syndrome hand (fig. 2), the central three digits are al-
ways syndactylous: in the mildest form (hand morpho-
logical score 1), the thumb and part of the little finger

Figure 2 Range of severity of syndactyly in Apert syndrome,
and classification of hands (upper panels) and feet (lower panels), by
using a morphological score. Left, Score 1 (least severe). Center, Score
2 (intermediate). Right, Score 3 (most severe).

Figure 3 Radiological features of the hand in Apert syndrome.
Left, Fusions between the proximal and middle phalanges, in the prox-
imal-distal axis only (hand radiological score 1). Right, Severe fusions
occurring mainly between the middle and distal phalanges, across the
anterior-posterior axis of the hand (hand radiological score 2).

are separate from the syndactylous mass; in the second
type (score 2), the little finger is not separate; and, in
the third type (score 3), the thumb and all the fingers
are included in the syndactyly. Similarly, syndactyly in
the foot may involve three or fewer digits (foot morpho-
logical score 1), involve digits 2-5 with a separate big
toe (score 2), or be continuous (score 3). The hand radio-
logical score was assigned on the basis of examinations
of preoperative hand x-rays, with the help of two paedi-
atric radiologists. Two distinct patterns of bony malfor-
mation were observed: the presence of fusions in the
proximal-distal axis only (score 1) or severe fusions oc-
curring across the anterior-posterior axis of the hand
(score 2) (fig. 3).

Genomic Analysis of Apert Mutations
To enable analysis of Apert mutations in genomic

DNA, we used inverse PCR (Triglia et al. 1988) to ob-
tain the DNA sequence of the 3' end of the intron imme-
diately upstream of the i11a exon of FGFR2 (for explana-
tion of exon nomenclature, see Wilkie et al. 1995b).
Genomic DNA (10 gg) from a normal individual was
digested with either NlaIII or EaeI, diluted to -'6 gg/
ml, and incubated with 20 U T4 DNA ligase at 16'C
overnight. After heat inactivation, 500 gl was digested
with BsaAI and was phenol/chloroform extracted and
ethanol precipitated. PCR was performed by use of the
primers Inv 1 (5'-TCAAGGTTCTCAAGGTGAGGAC-
3') and Inv 2 (5'-GACCACTGTGGAGGCATTTG-3'),
designed from previously published sequence (Dionne
et al. 1990; Miki et al. 1992), yielding products of 217
bp and -1.4 kb for the NlaIII and EaeI digests, respec-
tively. These were cloned into pCR-Script (Stratagene)
and were DNA sequenced.
To analyze the Apert mutations, PCR was performed

by use of the intron primer 6/7AF (5'-GGTCTCTCA-
TTCTCCCATCCC-3'), with the previously described
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primer 5S (Wilkie et al. 1995b) and the buffer of Gyapay
et al. (1994) in a volume of 25 gl. After a 4-min denatur-
ation at 940C, amplification was initiated by addition
of primers and 0.4 U AmpliTaq (Perkin Elmer). Thirty-
five cycles of annealing (1 min at 60.50C) and denatur-
ation (1 min at 940C) were performed, the upward tem-
perature shift being ramped at 1 'C/s, on a Hybaid Om-
niGene Temperature Cycler. There was a final extension
step of 10 min. The 159-bp product was digested with
either Sf1 or BstUI (New England Biolabs) and was ana-
lyzed on 4% Metaphor (Flowgen) gels. Although Park
et al. (1995a, 1995b) have also described a primer se-
quence (5'-TGACAGCC[C]TCTG[G]ACAACACAAC-
3') upstream of exon II1a for genomic diagnosis of Apert
mutations, there are two missing nucleotides (shown in
square brackets), compared with the usual wild-type se-
quence, according to our data from nine independent
chromosomes (D. M. Moloney and A. 0. M. Wilkie,
unpublished data), so amplification using this primer
may be unreliable.

Results

Mutational Analysis of 72 Patients
with Apert Syndrome
Mutational analysis from genomic DNA was under-

taken in 66 (64 unrelated) of the 87 patients in the
clinical study, together with 6 additional unrelated pa-
tients on whom detailed phenotypic information was
not available. The S252W and P253R mutations, which
correspond at the DNA level to C-+G transversions at
positions 934 and 937, respectively, of the FGFR2
cDNA sequence (Wilkie et al. 1995b), create unique Sf1l
and BstUI restriction sites, respectively, in the 159-bp
6/7AF-SS PCR product and hence are easily determined
(fig. 4). All 72 patients had one or other of these muta-
tions: 45 (64%) had S252W, and 27 (25 unrelated or
36%) had P253R. These results confirm the remarkable
specificity of the mutational basis of Apert syndrome.

Genotype-Phenotype Correlations
Eighty-seven patients with Apert syndrome (85 living

and 2 deceased) were ascertained for the clinical study.
Table 1 summarizes the demographic and phenotypic
features, both of the group as a whole and as classified
on the basis of genotype: S252W (n = 42), P253R (n =
24), and genotype not determined (n = 21). Each aspect
of the phenotype was analyzed for possible correlations
with the genotype.

Demographic characteristics.-The total number of
males was 37, and the total number of females was 50,
giving a male:female ratio of 1:1.35. The S252W and
P253R groups did not differ significantly in either their
sex ratio or average age at the time of the study. Al-
though there were relatively more infants (age <1 year)

Normal S252W
II I I
Bs Sf Bs Sf

P253R
I I
Bs Sf

160 -

123 -

90 -

67 -

Figure 4 Mutational analysis by restriction-enzyme digestion of
genomic DNA from patients with Apert syndrome. The 159-bp 6/
7AF-5S PCR product was digested with BstUI (Bs) or Sfi1 (Sf) and
was analyzed on a 4% Metaphor gel. The S252W mutation cuts, with
Sf1I, into 96-bp + 63-bp fragments; the P253R mutation cuts, with
BstUI, into 100-bp + 59-bp fragments. Size markers are MspI-cut
pBR322.

and adults in the P253R group, this was not statistically
significant. The average age of the parents at the birth
of the affected individual did not differ significantly be-
tween the two mutations, for either mothers or fathers.
Overall, both the mean maternal age (29.1 years) and
the mean paternal age (33.4 years) exceeded the popula-
tion mean and were consistent with the previously docu-
mented paternal age effect (Blank 1960; Erickson and
Cohen 1974; Risch et al. 1987): an analysis of these
data is presented elsewhere (Moloney et al., in press).
The four Apert syndrome individuals who had repro-
duced all carried the rarer, P253R mutation, but Park
et al. (1995b) described an S252W case with an affected
child: larger numbers would be needed to determine
whether there is any difference, in reproductive poten-
tial, between patients with the P253R mutation and pa-
tients with the S252W mutation.
Growth.-The average birthweight of babies born at

or after 37 wk gestation was 3.61 kg for males and
3.50 kg for females, compared with normal values (from
standard centile charts) of 3.50 kg and 3.40 kg, respec-
tively. Possible reasons for the higher birthweight of
Apert syndrome babies have been discussed elsewhere
(Cohen and Kreiborg 1993a). For male birthweight, we
found no significant difference between the S252W and
P253R mutations, but female P253R babies were heav-
ier (P = .02) than female S252W babies. However, this
may be a chance association, since female P253R babies
were also heavier than male babies who had the same
mutation.
Growth was analyzed by determining the age-equiva-
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Table 2

Relationship of Hand and Foot Morphological Scores in Apert
Syndrome Patients

HAND SCORE
FOOT TOTAL
SCORE 1 2 3 (%)

1 3 1 1 5 (5.8)
2 26 16 2 44 (51.2)
3 11 11 15 37 (43.0)

Total (%) 40 [41a] (47.1) 28 (32.2) 18 (20.7)

aIn one patient with a hand score of 1, a foot score was not
obtained.

lent centile for height at examination and then plotting
the centile distribution for each type of mutation (data
not shown). The median height for S252W fell in the
25-50th centile, and that for P253R fell in the 50-
75th centile. Cohen and Kreiborg (1993a) have drawn
attention to the complex relationship that exists between
stature and age in Apert syndrome; hence, rigorous sta-
tistical analysis was not attempted. However, between
the two mutations, no gross difference in patients' height
was apparent.

Craniofacial phenotype.-The severity of craniofacial
phenotype varies markedly between Apert syndrome pa-
tients (fig. 1), and we quantified this by using a five-
point preoperative severity score (see Subjects and Meth-
ods). The mean score was higher for the S252W group
than for the P253R group, and, although this difference
was not significant, it is of interest that, of those patients
genotyped, all three very mildly affected patients (score
0) had the P253R mutation, whereas the two most se-
verely affected patients (score 5) both had the S252W
mutation. Convincing evidence that the S252W muta-
tion is associated with a more severe craniofacial pheno-
type came from the analysis of cleft soft palate (including
bifid uvula), which had an overall prevalence of 43.5%.
This occurred in 24/41 of the S252W patients but in
only 4/23 of the P253R patients (P = .002). Choanal
stenosis, a relatively uncommon (prevalence 14.1 %)
malformation in neonates with Apert syndrome, was
also more frequent in the S252W group, although not
significantly so (table 1).

Cardiac malformations.-Congenital heart defects
were found in nine (10.5%) individuals: six had small
ventricular septal defects, and there were single cases
each of atrial septal defect, coarctation of the aorta,
and dextrocardia. All seven cases that were genotyped
carried the S252W mutation (P = .02). In the series
reported by Park et al. (1995b), cardiac defects were
found in 4/25 S252W patients and in 2/9 P253R pa-
tients: when the two series are combined, the difference

in prevalence of heart defects, between the mutations,
is not significant (G1 = 2.1).
CNS.-CNS malformations (including agenesis or hy-

pogenesis of the corpus callosum, posterior fossa abnor-
malities, and other defects), assessed from preoperative
CT scans, were present in 20.8% of those scanned. This
may overestimate the overall frequency of CNS malfor-
mations, because symptomatic individuals were more
likely to have been scanned. Active hydrocephalus re-
quiring a ventricular shunt was present in 9.3% of pa-
tients, and significant ventriculomegaly was present in
48.5% of patients. To assess intellectual attainment, at-
tendance at schools for learning difficulties was used as
an approximate guide: 44.4% of 54 children >5 years
old required special education. None of the CNS out-
come measures differed significantly between the two
mutational types.

Limb phenotype.-The limb phenotype was graded
according to severity (see Subjects and Methods): a mor-
phological score was recorded for both the hands and
feet (fig. 2), and a radiological score (fig. 3) was recorded
for the hands only (few foot x-rays were available, be-
cause the feet are rarely treated surgically). The relation-
ship of hand and foot morphological scores of all pa-
tients in the study is shown in table 2. There was a
significant tendency for severe hand scores to be associ-
ated with severe foot scores (G2 = 16.3, P < .001).
For the hand radiological scores, a similar number of
patients had each of the two scores (20 had score 1, and
24 had score 2).
A comparison of the mean morphological and radio-

logical limb scores for each class of mutation is shown
in table 1. When both morphological and radiological
criteria for the hands, as well as morphological criteria
alone for the feet, were considered, there was a signifi-
cant tendency (P values ranging between .02 and <.001)
for the P253R mutation to be associated with more se-
vere syndactyly than was S252W. Figure 5 illustrates
the difference in distribution of hand and foot morpho-

S252W

Footr2e
score 1

1 2
Hand score

P253R

a

.0

to

E
z

0
.

eL

E
z

2
Hand score

Figure 5 Distribution of hand and foot morphological scores
in patients with the S252W mutation (left) and the P253R mutation
(right).
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logical scores in individual patients with one or the other
of the two mutations.

Miscellaneous malformations.-Cervical spine fusion
was frequent, being observed in 29 (67.4%) of 43 pa-
tients for whom radiographs were available. Pigmentary
dilution of the skin was present in 23 (26.7%) of 86
patients. Urogenital malformations (three cases of ingui-
nal hernia, one case of ectopic ureters, and one case of
undescended testes) were unusual. None of these fea-
tures was significantly associated with genotype.

Discussion

Narrow Mutational Spectrum in Apert Syndrome
The detection of either the S252W mutation or the

P253R mutation in FGFR2 in all 40 unrelated patients
in our original study of Apert syndrome (Wilkie et al.
1995b) suggested that this complex malformation arises
from a very limited mutational spectrum. The present
work provides further evidence for this, one or other of
these mutations being present in all 30 additional pa-
tients genotyped. When our results are combined with
those of Park et al. (1995b), of a total of 105 unrelated
Apert syndrome patients, 70 have the S252W mutation,
34 have the P253R mutation, and in 1 patient the muta-
tion was not identified. It is clear that the mutational
spectrum of Apert syndrome is very narrow, which con-
trasts with the greater diversity of mutations of the IIIa
and IlIc domains of FGFR2 that are responsible for
Crouzon and Pfeiffer syndromes (reviewed by Muenke
and Schell 1995; Wilkie et al. 1995a).
An understanding of the biological basis of this exqui-

site mutational specificity will require a combination of
genetic, embryological, biochemical, and, ultimately,
structural approaches. As a baseline, we wished to docu-
ment whether the two common Apert mutations were
associated with any phenotypic differences that would
need to be incorporated into models of their pathophysi-
ologic mechanism.

Significance of Genotype-Phenotype Correlations
Variability in the clinical manifestations of Apert syn-

drome is well documented. To what extent can pheno-
typic differences be accounted for in terms of the two
alternative mutations? Table 1, which summarizes our
observations, shows that, although in most respects the
phenotypes associated with the S252W and P253R mu-
tations were not statistically distinguishable, there were
apparently significant differences (P - .05) in female
birthweight, in frequency of posterior cleft palate and
of congenital heart disease, and in all three measures of
severity of syndactyly. Caution is, however, required in
the interpretation of significance values in this context,
because multiple comparisons were undertaken. Park et
al. (1995b) used the Bonferroni correction (in which the

P = .05 value is divided by the number of comparisons
made), and, employing a P value of <.002, concluded
that there were no significant phenotypic differences be-
tween the two mutations. For our analysis, the equiva-
lent P value would be .0025. Use of the Bonferroni cor-
rection is likely to be excessively cautious, because it is
normally applied to differences in outcome from multi-
ple independent treatments, whereas in this instance we
are comparing multiple outcomes (which are not neces-
sarily independent) from just two "treatments." Never-
theless, our principal conclusions bear up to testing by
this stringent statistical criterion.
When the P < .0025 figure is used to compare the

phenotypes of the two mutations, the findings for female
birthweight and congenital heart disease may be coinci-
dental, but the differences for cleft palate and syndactyly
are likely to be real. Our conclusion for cleft palate is
strengthened by the data of Park et al. (1995b): when
the two studies are combined, 38/66 S252W patients
had cleft palate, compared with only 5/32 P253R pa-
tients (G1 = 16.4, P < .001). Particularly surprising is
that, whereas the S252W mutation is more frequently
associated with cleft palate (which probably reflects a
generalized disturbance in craniofacial morphogenesis,
see below), the P253R mutation is associated with more
severe syndactyly. It is therefore oversimplistic to con-
sider one mutation as more severe than the other: rather,
they may have differential effects on different develop-
mental systems during organogenesis.
The discrepancy between our findings for the limb

and those from Park et al. (1995b) is probably explained
by differences in the classification of syndactyly. Com-
parison with three previously published series (table 3)
suggests a consistent bias toward severe scores in the
series of Park et al. (1995b). In the case of the feet,
these authors assigned 33/36 patients to the same score,
precluding the detection of significant differences be-
tween the mutations. By contrast, the distributions of
syndactyly scores in our study appear more comparable
with those of Blauth and von Torne (1978), Upton
(1991), and Cohen and Kreiborg (1995), and our finding
of a greater severity of syndactyly with the P253R muta-
tion, for both the hands (morphological and radiological
criteria) and feet (morphological criteria only), confirms
and extends our previous observations (Wilkie et al.
1995b). The trends that we have identified are found in
both younger and older groups of patients and do not
differ significantly between the sexes (data not shown).
Ultimately, genotype-phenotype correlations from fur-
ther independent series will be necessary to clarify these
relationships further.
Although Apert syndrome is now considered to be a

single nosologic entity (termed "ACS I"), during past
decades a separate disorder (Apert-Crouzon disease, or
Vogt cephalodactyly, or ACS II) has been recognized,
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Table 3

Review of Hand and Foot Syndactyly Scores in Apert Syndrome

HAND SYNDACTYLY FOOT SYNDACrYLY

% with Hand Score of % with Foot Score of
No. of No. of

STUDY Patients 1 2 3 Patients 1 2 3

Blauth and von Torne (1978) ... 80 13 30 57
Upton (1991) 68 41 35 24
Cohen and Kreiborg (1995) 44 45 39 16 37 27 19 54
Park et al. (1995b) 36 3 56 41 36 0 8 92
Present study 87 47 32 21 86 6 51 43

on the basis of reports of patients with a severe "Crouzo-
noid" craniofacial phenotype but relatively mild syndac-
tyly (Vogt 1933; Nager and de Reynier 1948; Temtamy
and McKusick 1969). Although none of the patients in
the present study exactly match this variant phenotype,
the features described are those that we have found to
be associated with the S252W mutation rather than with
the P253R mutation. It is tempting to speculate that
this abortive classification may, in fact, have correctly
anticipated the existence of two "subgroups" of Apert
syndrome.

Specificity of Apert Mutations
Notwithstanding the subtle phenotypic differences

that we have identified between S252W and P253R mu-
tations, their pathological effects are remarkably similar,
so that confident prediction of genotype from phenotype
in the individual case is not always possible. However,
we disagree with the statement of Park et al. (1995b, p.
327) that "the lack of phenotypic differences in the two
genotypic subgroups of patients with Apert syndrome
is not unexpected, considering that the mutations them-
selves are adjacent and are in the same functional do-
main." In fact, nine other missense substitutions and
one nonsense substitution of the codons for the serine-
proline dipeptide are theoretically possible (and substi-
tution of serine to leucine might be expected to be more
common than substitution of serine to tryptophan; Wil-
kie et al. 1995b); but none has yet been observed, either
in Apert syndrome or in any other disorder. Further-
more, cases of Pfeiffer syndrome due to FGFR1 muta-
tion (Muenke et al. 1994) all have a proline-to-arginine
substitution that corresponds precisely to the P253R
mutation, whereas a serine-to-tryptophan substitution
could not occur in FGFR1 because a different codon
(TCC in FGFR1, vs. TCG in FGFR2) is used to encode
the serine. This implies that the specificity of the Apert
mutations depends not only on their position in the IgII-
III linker, but also on the particular structural effects of
the two substitutions observed. Modeling studies of the

IgII-III domain structure (Wilkie et al. 1995a) suggest
that these mutations would alter the relative orientation
of the two Ig domains and/or the local conformation
of the ligand-binding site and, hence, mimic-or, more
probably, accentuate-binding of fibroblast growth fac-
tors (FGFs). However, it is unlikely that these structural
effects would be precisely identical for the two muta-
tions, and this could explain the subtle phenotypic dif-
ferences that we have observed. Biochemical and crystal-
lographic analysis of normal and mutant FGFR2-and
of its ligand interactions-will be required for an explo-
ration of these differences.

Embryological Interpretation
Congenital abnormalities due to single pathological

mutations have traditionally been regarded as straight-
forward translations of genotype into phenotype, in con-
trast to "multifactorial" causes, in which the phenotype
depends on complex interactions between the environ-
mental and genetic factors (Carter 1969). As this study
illustrates, the phenotype resulting from individual mu-
tations is not necessarily uniform, suggesting that envi-
ronmental and genetic (maternal as well as fetal) factors
influence the final outcome. The Apert syndrome pheno-
type is particularly interesting in this context, being due
to one of two possible mutations.
An important embryological point is that the cleft

palate in Apert syndrome is likely to be secondary to
other orofacial defects that are established prior to
palate formation. This morphogenetic association is well
documented in human and experimental animal studies:
several transgenic mouse models with disruptions of
genes expressed in craniofacial structures not including
the palate show cleft palate as part of the abnormal
craniofacial phenotype (reviewed by Ferguson 1994).
Hence we may interpret the higher prevalence of cleft
palate in the S252W group as a manifestation of a more
generalized disturbance of craniofacial morphogenesis
associated with this mutation.
The differential effect of the Apert mutations on cra-
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niofacial morphology and syndactyly has implications
for understanding the role of FGFR2 in development.
Several distinct FGFs bind to each FGFR (Johnson and
Williams 1993; Mason 1994), and both FGFs and
FGFRs are widely (but specifically) expressed during or-
ganogenesis, so that productive signaling may depend on
the coincident expression of particular FGFs and FGFR
isoforms in particular developing sites. Clearly, FGFR2
signaling is involved in both digital and craniofacial skel-
etogenesis: the observation that the S252W mutation is
more frequently associated with cleft palate whereas the
P253R mutation results in more severe syndactyly sug-
gests that the mechanisms of signaling are not identical
in the developing limb and skull-and that a subtle
difference, in conformation, between the two mutated
forms of FGFR2 protein can tip the balance slightly
toward greater abnormality of signaling in one or the
other site.
Some insight into the different downstream effects of

normal FGFR2 signaling at these sites may be gained
from studies of expression in mouse embryos, which
show that RNA transcripts of Fgfr2 are present in the
undifferentiated interdigital mesenchyme of the limb
and at the undifferentiated periphery of the developing
bone of the skull vault (Iseki et al., in press; S. Iseki and
G. M. Morriss-Kay, unpublished data). The subsequent
normal differentiation pathways of the interdigital and
skull-vault mesenchymes are different. Interdigital mes-
enchyme forms connective and muscular tissue, with
some apoptosis, and does not share in the endochondral
ossification fate of the condensed mesenchyme of the
digits themselves. In contrast, the skull-vault mesen-
chyme is invaded by osteogenic tissue and is ultimately
completely ossified. Further studies of FGF/FGFR2 ex-
pression patterns may elucidate how these different de-
velopmental processes relate to the differential effects of
the Apert mutations.
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